The inhibitory potencies of several hairpins comprising DNA, RNA and 2 0 ,5 0 -linked RNA segments were assessed against the RNase H activity of the human immunodeficiency virus reverse transcriptase (HIV-1 RT), an indispensable enzyme for HIV genomic replication. The hairpin library was constructed via diversity-oriented nucleic-acid synthesis (DONAS), an approach inspired from traditional split-pool synthesis. DONAS provided access to an array of oligonucleotide hairpins possessing distinct conformational, structural and biological properties. The inhibitory potency of these compounds was highly specific towards HIV-1 RT RNase H and strongly depended on the structure of both the stem and tetraloop. Hairpins that have an overall A-type geometry are better inhibitors of RNase H activity than hairpins with 'intermediate' or B-type conformations, although interestingly, the inhibitory activity is quite sensitive to the nucleotide sequence in both the stem and loop regions of the hairpin. The most potent hairpins bear a 3 0 ,5 0 -linked rather than 2 0 ,5 0 -linked RNA loop, but the latter is necessary for activity of hairpins consisting of DNA stems. Inhibitory activity was essentially independent of hairpin thermal stability. The potent hairpins also demonstrated high nuclease resistance in biological media, particularly those bearing a 2 0 ,5 0 -linked tetraloop. These studies collectively bring into light a new class of nucleic acid aptamers that act exclusively upon the retroviral RNase H domain in vitro, and thus represent novel lead compounds for the development of specific and potent HIV-1 RT inhibitors.
INTRODUCTION
The Acquired Immunodeficiency Syndrome (AIDS) is a devastating disease that has captivated the attention of the general public, interest groups, health professionals, scientists and governments for more than two decades (1) (2) (3) . The etiological agent of AIDS is the human immunodeficiency virus (HIV), a transmittable retrovirus. HIV Reverse Transcriptase (RT) is an essential enzyme for viral replication, and therefore represents a major target for the development of antiretroviral agents (4) (5) (6) (7) (8) (9) . This enzyme possesses DNA polymerase activities on both RNA and DNA templates as well as ribonuclease H (RNase H) activity. Both the RT-associated DNA polymerase and RNase H activities are required to convert the singlestranded RNA genome into double-stranded DNA that is later integrated into the host chromosome.
Of the numerous lead compounds studied, only those that specifically target HIV-1 RT or HIV-1 protease enzyme, and, more recently, the entry process, have been approved for HIV therapy. The common nucleoside reverse transcriptase inhibitors (NRTIs), e.g. AZT, 3TC and d4T, and non-nucleoside reverse transcriptase inhibitors (NNRTIs), e.g. nevirapine, efavirenz and delavirdine are effective at blocking viral DNA replication and slowing the onset and progression of AIDS (10) (11) (12) . Despite the tremendous success associated with antiretroviral combination therapy, which may also include inhibitors of the viral protease, the emergence of drug resistance cannot be prevented and is a major cause for treatment failure. Vaccination against HIV-1 is still a long-term goal. Thus, the development of novel antiretroviral agents with potency against resistant HIV variants is of highest priority. Ideally, these novel compounds should act synergistically with existing drugs.
Most of the antiviral compounds inhibiting HIV replication in cell culture, such as AZT, 3TC and NNRTIs act primarily by inhibiting the DNA polymerase function of the RT. NRTIs are competitive inhibitors and act as chain terminators, while NNRTIs bind to a hydrophobic pocket close to the active site and block the catalytic step.
Mutations in the RNase H domain of RT lead to a marked decrease in the level of virus proliferation, an indication of the crucial role of RNase H during the retroviral cycle (13) . Point mutations at the active site can completely block replication of the virus. Surprisingly, very few inhibitors of RNase H have been described, and no clear specificity for HIV over the mammalian enzyme has yet emerged, probably reflecting the structural similarities between the retrovirally associated RNase H and other cellular RNases H. In addition, the majority of HIV-1 RNase H inhibitors developed to date simultaneously inhibit both polymerase and RNase H activity. This is likely because the two subdomains are in close proximity; therefore binding within either site can restrict access to the other as well (i.e. via allosteric effects). For example, a product isolated from Juglans mandshurica has recently been shown to inhibit both the DNA polymerase (IC 50 = 40 nM) and RNase H functions of HIV-1 RT (IC 50 = 39 mM) (14) . Parniak and co-workers have shown that indiscriminate inhibition of both activities by N-(4-tert-butylbenzoyl)-2-hydroxy-1-naphthaldehyde hydrazone (BBNH) also occurs (IC 50 $4.0 mM) (15) . Certain analogues of naphthalene sulfonic acid exhibit non-selective inhibition of both DNA polymerase and RNase H catalytic functions of HIV-1 RT, with IC 50 values in the 15-28 mM range for the most potent compounds (16) .
Recently, new inhibitors of HIV-1 RT have been identified using the SELEX approach (systematic evolution of ligands by exponential enrichment). These oligonucleotides, termed 'aptamers', are emerging as a class of molecules that may be useful both as selective inhibitors of HIV-1 RT and for structural studies of the enzyme (17) (18) (19) (20) (21) . The first results using SELEX (20, 21) allowed the selection of RNA guanosine-rich 'pseudoknots' that bind specifically to HIV-1 RT (22) . The researchers noted that the DNA polymerase activity of the RT enzyme was also inhibited by aptamers inhibiting the retroviral RNase H. They speculated that these RNA aptamers (comprising >40 nt residues in length) were occupying different positions in the RNase H and DNA polymerase active sites of HIV-1 RT. Most recently, a diketoacid and a hydrazone (DABNH) derivative have been shown to inhibit RNase H activity (IC 50 $ 4.0 mM) with only modest effect on DNA polymerization (IC 50 > 50 mM). However, the specificity of these compounds for retroviral over the human enzyme is unknown (23, 24) .
Preliminary work from our laboratory has demonstrated that RNA-hairpin and RNA-dumbbell molecules containing the unique UUCG structural loop motif are potent and selective inhibitors of the RNase H activity of HIV-1 RT (25) . These RNAs effectively inhibited the RNase H activity of HIV-1 RT without affecting human or E.coli RNases H. Furthermore, the DNA polymerase activity, an intrinsic property of HIV-1 RT, was not inhibited by these compounds, a property not previously observed for any nucleic acid aptamer directed against RT RNase H. These results have prompted us to evaluate the inhibitory potential of a larger number of RNAs in order to assess the structural requirements for recognition by HIV-RT RNase H. Towards this end, we describe here a 'diversityoriented' solid-phase synthesis of structurally and conformationally diverse hairpin molecules, as well as the apparent ability of these compounds to inhibit the RNase H activity of HIV-1 RT in a site-specific manner (Figure 1 ). The combined results indicate that the stem-length and conformation are both important factors in designing potent inhibitors of HIV-1 RT RNase H. RNA hairpin molecules which adopted global A-type helices were the most potent inhibitors. Finally, these studies indicate that HIV-1 RT distinguishes and recognizes the unusually folded 3 0 ,5 0 -or 2 0 ,5 0 -linked rUUCG loop structure as a signal for binding to its substrate. C and dried in vacuo (under P 2 O 5 ) for 24 h prior to use. E.coli RNase H, gamma-ATP and 32 P-labeling kit were all purchased from Amersham Pharmacia. The RNA and DNA strands utilized in RNase H inhibition assays were synthesized using standard phosphoramidite chemistry protocols as described below. Similarly, the RNA and DNA templates as well as the primer (from PBS region of HIV-1) utilized in the polymerase assays were also synthesized in the lab via the same method (see assay for sequence). Rabbit reticulocytes lysate was purchased from Sigma-Aldrich. 5 0 end 32 P-labeling and circular dichroism (CD) spectroscopy of hairpins were 
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Materials and general methods
5 0 -O-Dimethoxytrityl-3 0 -O-(2-cyanoethyl)-N,N 0 -diisopropyl
Hairpin synthesis and purification
The hairpin oligonucleotides were synthesized with slight modifications of our previously published procedures (26, 27) . Library synthesis was achieved via using a Perceptive Biosystems (Expedite) synthesizer on a 1-mmol scale and utilizing LCAA-controlled pore glass (500 Å ) as solid support. Monomer coupling times were 10 min (RNA or 2 0 ,5 0 -RNA monomers), and 2 min (DNA monomers). Extended coupling times were used for riboG (28) . We found that this reagent works best for 2 0 ,5 0 -RNA synthesis. Following chain assembly, the CPG support was treated with aqueous ammonia/ethanol (3:1-1.5 ml total volume) for 48 h at room temperature. After centrifugation, the supernatant was collected and the solid support was washed with 3 · 1 ml ethanol. The supernatant and ethanol washings were combined and evaporated to dryness under vacuum. The pellet obtained was treated with NEt 3 .3HF (200 ml) at room temperature for 48 h (29) . The reaction was quenched by addition of deionized double distilled water and the resulting solution was evaporated to dryness under vacuum. The oligomers were purified by anion-exchange HPLC (Protein Pak DEAE-5PW column-Waters, 7.5 mm · 7.5 cm) using a linear gradient of 0-20% LiClO 4 in H 2 O (1 M) with a flow rate 1 ml/min at 55 C over a period of 50 min. The oligonucleotides were then desalted by using reversed-phase chromatography on a SepPak cartridge (26) and evaporated to dryness. Prior to any studies, the purity of all purified desalted oligonucleotides was checked by using either analytical 24% denaturing acrylamide gels or analytical ion-exchange HPLC, and was found to be >92% in most cases. The molecular weights of the purified oligonucleotides were also confirmed by MALDI-TOF mass spectrometry (for representative examples on all of the above characterizations, see Supplementary Material B). Molar extinction coefficients of hairpins were calculated from those of mononucleotides and dinucleotides using the nearest-neighbor approximation method (30) .
HIV-1 RT RNase H inhibition assay
The p66-and p51-kDa subunits of HIV-1 RT were cloned into a pBAD/HisB prokaryotic expression vector (Invitrogen) between the XhoI and HindIII sites. RT p66/p51 heterodimers and p51/p51 homodimers were purified as described previously by Fletcher and co-workers (31 C. After 15 min, the reactions were stopped by the addition of an equal volume of denaturing gel loading buffer (98% deionized formamide, 10 mM EDTA, 1 mg/ml bromophenol blue and 1 mg/ml xylene cyanol). The reaction products were denatured by heating at 100 C for 5 min, and were then loaded onto a 16% polyacrylamide sequencing gel containing 7 M urea and the products resolved by electrophoresis. The resolved reaction products were then visualized by autoradiography, and the extent of RNase H inhibition was determined quantitatively by densitometric analysis as judged from the disappearance of the full-length RNA substrate and/or the appearance of the smaller degradation products. In this experiment, the band corresponding to the undegraded 18 nt 5 0 -[ 
Biostability assays
Cell lysates. These assays aimed at assessing the biological stability of the various hairpin inhibitors. The individual aptamers were 5 0 -32 P-end-labeled and then dissolved in 60 mM Tris (pH 7.8), 60 mM KCl, 5 mM MgCl 2 and 5 mM K 2 HPO 4 buffer. After the addition of rabbit reticulocytes lysate (Promega), the reaction mixture was incubated for 18 h at 37 C. The degradation assay was stopped by the addition of an equal volume of loading dye (98% deionized formamide, 10 mM EDTA, 1 mg/ml bromophenol blue and 1 mg/ml xylene cyanol) followed by heating to 95 C. It was then loaded onto 16% (w/v) polyacrylamide denaturing gels (7 M urea) and then exposed on an X-ray film. The individual lanes were quantitated using the software UN-SCAN-IT by measuring the amount of remaining undegraded hairpin after 18 h. Nuclease P1 assays. These were conducted at 37 C on a Varian CARY 1 UV-VIS spectrophotometer equipped with a multi-cell holder and a Peltier temperature controller. Hairpin samples were dissolved in 30 mM NaOAc buffer (pH 5.30) to a final concentration of 6 mM, and then annealed by heating rapidly to 95 C for 10-15 min, followed by cooling slowly to room temperature and subsequent equilibration at 37 C. Reactions were initiated by the addition of nuclease P1 (0.001 U), and the UV absorbance of the hairpins was monitored with time over a range of 180 min at 260 nm with 0.5 min increments and an average time of 0.1 s (signal band width = 1 nm). The data was processed using the Enzyme Kinetics Software provided by Varian.
RESULTS AND DISCUSSION
Library generation via diversity-oriented nucleic acid synthesis
Several reports describing synthetic oligonucleotide libraries have been documented (32, 33) . In this study, we utilize a 'split and pool' method to generate a large library of structurally and conformationally diverse compounds ( Figure 2) . A schematic representation of our 'diversity-oriented nucleic-acid synthesis' (DONAS) approach is shown in Figure 3 . The advantages of this method are many: (a) a library can be built using established solid-phase phosphoramidite synthesis; (b) any number of diverse building blocks can be used in synthesis (ribonucleoside 2 0 -or 3 0 -phosphoramidites, etc.); (c) unlike SELEX, which requires rounds of enzymatic amplification and selection from a large (randomized) mixture of compounds, DONAS generates solid-supports each containing a unique nucleic acid sequence that is isolated and identified by standard techniques (e.g. HPLC and mass spectrometry); and (d) it offers the opportunity to introduce virtually any modification on the sugar-phosphate backbone and obtain significant amounts of material (mg-g scale). During the synthesis of the 27-member library (Figure 3 ), the base sequence was maintained while varying the sugar (2 0 -deoxyribose, ribose) and phosphate backbone (3 0 ,5 0 -and 2 0 ,5 0 -linkages). The loop sequences 3 0 ,5 0 -C(UUCG)G and 2 0 ,5 0 -C(UUCG)G were selected as they have been shown in (23, 30, 31) to adopt distinct conformations that provide extra stability to the helical stem (see melting temperature, T m , values in Table 1 ).
Rather than conducting 27 independent syntheses (27 · 11 base additions = 297 couplings), the solid-supports were divided into 'pools' every time a tetranucleotide segment (3 0 -stem, loop, 5 0 -stem) was completed, reducing the number of coupling steps by $50% (156 couplings). Synthesis of this particular library took advantage of the presence of only three bases in each of the 5 0 -stem, 3 0 -stem and loop regions, reducing the number of monomer bottle changes to one. At the end of synthesis, each solid support carried a unique, single oligonucleotide sequence (Figure 3 ). Eighteen other hairpins were prepared by the same approach ( Table 1) .
The individual oligomers were cleaved off the solid support, purified by ion-exchange HPLC, and subsequently characterized by MALDI-TOF mass spectrometry (Supplementary Material B). The formation of unimolecular hairpin species for each library member was verified by thermal denaturation studies. Thus, the T m values of the different hairpins were found to be independent of oligonucleotide concentration over at least a 30-fold concentration range (Supplementary Material C).
Conformational diversity of library members
By introducing DNA and RNA sugars during solid-phase synthesis, DONAS offered rapid access to a broad range of hairpin conformations. All library members were studied by CD spectroscopy, and as expected, their collective structures spanned a wide spectrum of helical conformations (see Figure 4 for representative examples). A-form helices were identified from the characteristic strong positive CD band at $265 nm and a negative band at $212 nm (34) . B-form hairpins were identified from the red-shifted CD band at $278 nm (34) . Other structures exhibited strong positive CD bands that were mixtures of the 265 and 278 nm bands (35) . Depending on the extent of their resemblance to the typical A-or Bspectra, they were classified as either 'A-like' or 'B-like'. In cases when this could not be inferred, the structures were classified as 'I-form' or 'intermediate' form. For example, the hairpins RRR and DDD (Table 1) exhibit typical A-form and B-form conformations, respectively. By contrast, the conformations of RRR, DRD and DRD are, respectively, A-like, I-form and B-like ( Figure 4 ). This is fully consistent with high-resolution NMR data (36) (37) (38) 39) , which supports the qualitative conformational assignment of hairpins via CD spectroscopy (Figure 4) . The I-form helical conformation of hairpin DRD arises from the heterogeneous conformation of the deoxynucleotide residues, that is, a dynamic equilibrium between the C2 0 -endo and C3 0 -endo puckers for the stem DNA residues (38), whereas DRD exhibits B-like features due to the C2 0 -endo conformation of its DNA residues.
Library screening and biological evaluation
The DONAS-generated hairpin molecules were consequently screened for their ability to inhibit the RNase H activity of HIV-1 RT ( Figure 5A ). They showed various IC 50 values varying with hairpin stem and loop composition and ranging from 7.8 to 100 mM. The hairpin molecules were also screened for their ability to interfere with HIV-RT's RNA-and DNAdependent polymerase activities ( Figure 5B) . Of the several hairpins tested, none inhibited the polymerase activities even at 80 mM.
To exclude the possibility that the hairpins themselves were substrates for the enzyme (which in turn would be responsible for the decrease in the observed rate of RNase H degradation of the natural RNA:DNA substrate), the most potent hairpins (R 6 RR 6 , RRR, RRR, R c RgR) were 5 0 -[ 32 P]-labeled and then incubated with HIV-1 RT in the absence of RNA:DNA substrate (1 h, 37 C; Supplementary Material D). Under these conditions, none of the hairpins were cleaved by RNase H. This is not surprising given the small length of the hairpins' helical stem (4-6 bp) and the fact that RNA duplexes are not generally cleaved by RNase H. When the hybrid hairpins DRR and DRR were subjected to HIV-1 RT, no degradation was observed, again reflecting the short nature of the helical stem. In contrast, the control 18 bp DNA:RNA heteroduplex was completely cleaved within 20 min (no hairpin inhibitor). We recently reported a UV cross-linking experiment between R 6 RR 6 and either the HIV-1 RT heterodimer (p66/p51) or homodimer (p51/p51). The former contains both the DNA polymerase and RNase H domains, whereas the latter consists of only a functional DNA polymerase domain. R 6 RR 6 and other related compounds were found to form a covalent complex only with the p66/p51 homodimer, indicating that they are highly specific toward the RNase H domain of the enzyme (25) .
Furthermore, the two most potent hairpins R 6 RR 6 and RRR did not have any effect on the bacterial or human RNase H-mediated degradation of the RNA template strand, indicating an effect remarkably specific toward the retroviral RNase H domain.
Structure-activity relationships (SARs)
From the data obtained (Table 1) , the following conclusions can be drawn:
A folded helical structure is recognized by HIV-1 RT RNase H. This is evident from the data shown in Table 1 , and the finding that neither the linear (unpaired) sequences Helix type and loop structure are both important determinants of RNase H inhibition. Inhibitory potency generally increases with increasing A-form helicity; among the 4 bp hairpins, the following order of activity was observed: RRR, RRR > RRD, RRR > RRR >>> RDR, DDD ( Figure 6 ). Thus, B-type hairpins show only modest or no inhibitory activity. This is fully consistent with the preferred A-helical geometry for effective RNase H binding within the minor groove (40, 41) . The slightest perturbations within the stem structure significantly affected inhibitory potency. For example, replacement of the loop-closing C residue with dC has a detrimental effect on inhibitory activity (compare RRR entry 9 versus R C RR entry 14, Table 1 ). Given the significant drop in melting temperature (DT m $ 5 C) and the small but detectable changes in the CD spectra (Figure 4) , this mutation probably disrupts the hairpin structure at the stem-loop junction. Similar effects were observed when a single 2 0 ,5 0 -internucleotide linkage was incorporated at the same position (entries 9 versus 17; Table 1 ). Furthermore, introduction of 2 0 -OMe ribonucleotide residues within the stem significantly reduced activity (IC 50 300 versus 25.8 mM; Table 1 ), implying that key HIV-RT-hairpin contacts are disrupted upon methylation of the helix minor groove. Consistent with this notion, substitution with a smaller 2 0 -substituent (2 0 -fluoro) within the stem does not affect inhibitory activity relative to the unmodified RRR hairpin (A. Wahba and M.J. Damha, unpublished results).
When the stem was increased to 6 bp (R 6 RR 6 versus RRR; R 6 RR 6 versus RRR), a 2-to 3-fold enhancement in potency was evident, suggesting that longer helices are better accommodated in the binding domain (Table 1 ; Figure 6A and B). The results are consistent with previous data demonstrating that RNA dumbbells, containing the identical 3 0 ,5 0 -rUUCG loop motif, but with a 10 bp stem, were more effective at inhibiting enzymatic function (25) . Neither of these compounds inhibit the human RNase H (class II, type 1-major enzyme) or bacterial RNase H activities suggesting a remarkably specific effect towards the retroviral enzyme (HIV-1 RT; Supplementary Material). It should be noted, however, that specificity towards the retroviral RNase H enzyme is compromised with longer duplexes, e.g. 18-bp RNA:RNA, as these have been shown to inhibit the bacterial RNase H enzyme as well (41) .
Replacement of the native loop structure with a 2 0 ,5 0 -UUCG loop leads to a $3-fold decrease in potency [IC 50 RRR (25.8 mM) versus RRR (68.9 mM); R 6 RR 6 (7.8 mM) versus R 6 RR 6 (29.7 mM)]. The data also show that while the 3 0 ,5 0 -linked loop gave rise to potent inhibitors, the inhibitory activity was more prevalent for hairpins containing the 2 0 ,5 0 -loops; in other words, hairpins with 2 0 ,5 0 -linked loops afforded the most 'hits' ( Figure 6A ). For example, whereas DRD, DR 2 D and DR 3 D (entries 4, 6 and 7, Table 1 ) display modest inhibitory activity (IC 50 69-97 mM), DRD does not interfere with RNase H function. Although the origin for these observations is unclear, we note that the 2 0 ,5 0 -UUCG loop exhibits a higher degree of flexibility relative to the native 3 0 ,5 0 -UUCG (38) , and so may better tolerate adaptive conformational changes to the enzyme surface upon binding, ultimately enhancing the integrity of the resulting proteinhairpin complex.
Two more observations are consistent with the notion that HIV-1 RT recognizes the loop conformation: (a) changing the loop composition from RNA to DNA (hairpin RRR versus RDR, Table 1 ) significantly diminishes inhibitory potency. This is likely because the DNA loop, unlike the corresponding IC 50 is the hairpin concentration required to inhibit 50% RNase H activity of HIV-1 RT and was determined as described in Materials and Methods. Dashes '-' mean no inhibition observed up to 100 mM. '>100 mM' means some inhibition was detected at this concentration. Values represent the average of 2-3 independent measurements. Errors in IC 50 values represent SD and were within -3 mM. b Capital letters represent RNA residues; capital italicized letters represent 2 0 -OMe ribonucleotide residues (entry 42); underlined letters are 2 0 ,5 0 -RNA residues (e.g. UC = U 2 0 p5 0 C 2 0 p ); DNA residues are represented by small letters; bold letters represent specific point mutations in loop base sequence (entries 5-7 and 11) or sugar/phosphodiester composition (entries [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . (n.d. = T m was not determined).
3
0 ,5 0 -rUUCG and 2 0 ,5 0 -rUUCG loops, does not fold into a unique rigid structure; rather it is very flexible and undefined (39) ; and (b) the slightest perturbations within or near the loop moiety significantly affect the inhibitory potency ( Figure 6B ). For example, introducing a single base mutation within the loop of RRR hairpin (UUCG to UACG) completely abolishes inhibitory activity (Table 1; Figure 6B ). As reported in a recent NMR study, this mutation is expected to disrupt loop conformation because the U residue undergoes extensive base-base stacking interactions with other loop residues (38) .
Hairpin inhibitory activity is largely independent of thermal stability. This is evident from Figure 7 , which plots %inhibition of RNase H versus the melting temperature for some of the hairpin molecules. For example, hairpin R c R g R is more thermally stable than R c R g R (DT m $ 2.4 C), yet the latter has a lower IC 50 value. Hairpins RR U R, R C RR and RR G R are of almost the same order of thermal stability; however, RR U R shows good inhibitory potency while R C RR and RR G R do not. Likewise, RRR is significantly more thermally stable than RRR, yet it displays a lower inhibitory activity. Few of the hairpins do show some correlation of inhibitory potency with melting temperature (e.g. DRR versus DRR and RRR versus RRR), though this general trend appears to be absent for the majority of compounds evaluated (Figure 7 ).
Hairpin inhibitory activity is dependent on stem base composition. To assess the effect of stem base composition on the inhibitory properties of hairpins, the compounds listed in Table 2 were examined. Based on the preliminary data obtained, substitution of the second and/or third base pairs is well tolerated (RRR versus R 2 RR 2 and R 3 RR 3 , Table 2 ). While it remains for us to test the full extent of stem sequence variability, it is interesting to note that the most active hairpins contain the sequence G-N-R-C at their 5 0 end. Together, the results suggest that RNase H recognizes the fold of the tetraloop, the shape of the helix (A-or A-like), and certain nucleotides in the stem.
Nuclease stability of hairpin aptamers
The susceptibility of various hairpins towards enzymatic degradation was first examined in a nuclease-rich rabbit reticulocyte lysate. Regardless of their composition, hairpins remained fully intact after 6 h incubation with the lysate (at 0.5· dilution, i.e. equal volume of water added to lysate). Under the same conditions, a control linear oligomer of the same length underwent significant degradation ($50%; data not shown). This is probably due to the highly stacked and relatively inaccessible structure of the hairpins (42). In general, hairpin biostability does not parallel hairpin thermal stability. For instance, RRR and RRR exhibit similar thermal stabilities, yet RRR is more resistant to enzymatic hydrolysis ( Figure 8A ). In fact, the presence of 2 0 ,5 0 -linkages within the loop region enhances the biological stability of the molecules relative to the 3 0 ,5 0 -RNA and DNA loops (compare RRD versus RRD; RRR versus RRR and RDR; Figure 8A ).
The stability of several hairpins towards nuclease P1 (NP1) was also assessed using a combination of UV spectroscopy and gel electrophoresis. NP1 is an endonuclease that cleaves specifically single-stranded DNA and RNA, although it can hydrolyze double-stranded duplexes albeit slowly (43,44). The hairpins (6 mM) were suspended in appropriate buffer (30 mM NaOAc, pH 5.3) and then the reaction was initiated by the addition of NP1. The increase in UV absorbance with time was monitored at 260 nm. After 150-180 min, the absorbance of all hairpins leveled off indicating that no more degradation was taking place ( Figure 8B ). The relative half-life time of various hairpins was calculated relative to the more susceptible hairpins (DD 0 D and RDR; Table 3 ). Again similar to the trend seen when suspended in nuclease-rich reticulocyte lysate, the hairpins containing a 2 0 ,5 0 -RNA loop show increased resistance towards nuclease P1 relative to hairpins with 3 0 ,5 0 -RNA and DNA loops. Gel electrophoresis of for example, DRR+NP1 and DRR+NP1 mixtures revealed a very interesting distribution of products ( Figure 8C ). In both cases, NP1 (endonuclease) made specific 'cuts' within the loop (position 6) as well as the loop closing base pairs (position 3 or 4; Figure 8C ; data for DRR+NP1 not shown). No other degradation products (or 'ladder' of products) were observed as would be expected if strand dissociation occurred after the first cleavage reaction. Although this raised the interesting possibility that the hairpins maintained their folded structure after enzymatic cleavage, incubation of the appropriate fragments (e.g. GGAC + (UUCG)GUCC) at various concentrations and under different buffer conditions did not lead to duplex formation (data not shown).
CONCLUSIONS
Diversity-oriented nucleic acid synthesis furnished a collection of hairpin molecules that differed in the nature of the sugar (DNA versus RNA), phosphodiester linkages (2 0 ,5 0 -versus 3 0 ,5 0 -), stem lengths as well as conformations. Four hairpins were identified as potent inhibitors of the activity of HIV-1 RT RNase H in degrading the RNA strand in RNA:DNA hybrids. The hairpin R 6 RR 6 was found to be the most potent inhibitor with an IC 50 = 7.8 mM, while RRR, RRR and R 6 RR 6 displayed IC 50 in the $26-30 mM range. Known RNase H inhibitors are few, and generally do not discriminate between host and viral RNase H activity. R 6 RR 6 is 'first in class' with experiments to date indicating high selectivity (if not specificity) toward HIV-1 RT RNase H over the mammalian enzyme. Furthermore, the 'hairpin' architecture of this and other hairpins studied here makes them exceedingly resistant to degradation by ubiquitous cellular nucleases.
The vast majority of compounds that inhibit the RNase H activity of HIV-1 RT in cell-free assays also block the RTassociated polymerase activity, and, as a consequence, these compounds diminish the beneficial effects of both classes of existing RT inhibitors. Our studies have shown that small hairpin molecules (e.g. R 6 RR 6 ) are remarkably specific toward RNase H inhibition. These hairpins do not appear to occupy the DNA polymerase binding site (A. Wahba, B. Marchand, M. Götte and M.J. Damha, unpublished results), and thus have the potential to act synergistically with both NRTIs and NNRTIs. These studies as well as cell culture assays with sugar-modified hairpins are in progress. IC 50 is the oligomer concentration required to inhibit 50% RNase H activity of HIV-1 RT. Capital letters represent RNA residues. Measurements for the inhibition assay were repeated twice and were run in the same way as described in Materials and Methods section. 
